Organic solar cells (OSCs) have drawn great attention for their low cost, light weight, solution processability and flexibility [1] [2] [3] . Over the last decade, fullerene and their derivatives have been the dominant electron acceptors for OSCs due to their excellent electron-transport properties, but limited by their disadvantages of poor light absorption, high synthesis cost, and difficulties in property tunability. To tackle these issues, design and synthesis of non-fullerene acceptors (NFAs) have received extensive attention and are urgently needed to explore for enhanced photovoltaic performance [4] [5] [6] [7] [8] [9] . Among all the types of NFAs, acceptor-donor-acceptor (A-D-A) architecture based non-fullerene small molecule acceptors (NF-SMAs) shows tremendous potentials [10] [11] [12] [13] and has achieved great advances for their excellent performance with power conversion efficiencies (PCEs) over 14% for single junction cells [14] [15] [16] [17] [18] and over 17% for tandem cells [19] .
The giant success of A-D-A backboned NF-SMAs is mainly due to their well-defined chemical structures, easily tuned energy levels and facile synthetic procedures [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] . In previous studies, through delicately modulating the NF-SMAs, the high efficiency of non-fullerene organic photovoltaiscs (OPVs) has been obtained [33] [34] [35] [36] [37] [38] . As such, it is believed that there is a facile and effective way to finely tune properties of NFAs and further significantly enhance OPVs performance. The A-D-A backboned NF-SMAs mainly consisted of three segments: ladder-type electron-donating core, electron-withdrawing end units and outstretched side chains. Thus, modification of the above three components is an effective approach to obtain tunable energy levels, optical absorption, crystallinity, π-π stacking and improved morphology of the active layers. In view of synthetic economy, the modification of electron-withdrawing end units is comparatively easy and facile as the attachment of the end units is typically the last step of the synthetic route [22, 24, [39] [40] [41] [42] .
Fluorination strategy has been widely applied in the organic semiconductor synthesis [43, 44] . The roles of fluorine in OSCs materials have been extensively studied [45] [46] [47] [48] . Firstly, fluorination enables strong electronwithdrawing ability due to strong electronegativity of fluorine, reduces the bandgap to near-infrared region and broadens the absorption range, which is one of the key determinants for achieving high short-circuit current density (J sc ) [13, 36] . Secondly, fluorination can enhance π-π stacking and crystallinity of the molecule to optimize morphology of the active layers and obtain appropriate domain size for achieving high mobility and fill factor (FF) [22, 29, 40] . Finally, fluorination would promote intermolecular interactions through forming noncovalent F-S and F-H bonds, which are favorable for efficient charge transport [43] .
The A-D-A structured NF-SMAs based on fused benzo-[1,2-b:4,5-bʹ]dithiophene electron-donating core show large rigid and coplanar structure with strong electrondonating ability, both of which are beneficial to enhancing light absorption and charge transport [28, 33] . In this work, three A-D-A structured NF-SMAs with end units modulated with different number of fluorine atoms and the benzo[1,2-b:4,5-bʹ]dithiophene fused with diarylcyclopentadienylthieno[3,2-b]thiophene (OBTT) as the core unit, namely, OBTT-0F, OBTT-2F and OBTT-4F (Fig. 1a) , were designed and synthesized. We systematically characterized the optoelectronic properties and optimized the device performance of the three NF-SMAs. Fluorine modification on the end units leads to the significant downshift of the lowest unoccupied molecular orbital (LUMO) level and the absorption edge redshift of the NFAs. Moreover, the improvements of their crystallinity and enhanced π-π stacking ameliorate morphology of the active layers, which contribute to a notably elevated J sc and FF of the corresponding OSCs. The OSCs based on OBTT-2F achieve a high PCE of 12.36% with a comparatively high J sc of 20.83 mA cm −2 and FF of 71.6%. Our work reveals the vital role of the fluorination-modulated end units in A-D-A structured NF-SMAs on optoelectronic properties, charge transport, film morphology and photovoltaic properties, and provides valuable insights to optimize the structure and properties of the A-D-A structured NF-SMAs. The desirable molecules OBTT-0F, OBTT-2F and OBTT-4F (Fig. 1a) were synthesized by Knoevenagel condensation between the dialdehyde intermediate and the corresponding end units via a five-step chemical reaction as displayed in Scheme S1, and the detailed synthetic procedures including characterization data are presented in the Supplementary information (SI). Though OBTT-2F is a mixture for the two isomers of end groups, consistent performance was observed between multiple batches. All three NF-SMAs are soluble in common organic solvents (such as dichloromethane, chloroform and chlorobenzene). As shown in Fig. S1 , the decomposition temperatures of the three molecules at 5% weight loss are 325, 332 and 328°C for OBTT-0F, OBTT-2F and OBTT-4F, respectively, indicating their good thermal stability.
The ultraviolet-visible-near-infrared (UV-vis-NIR) absorptions of these three NF-SMAs in their diluted solutions ( Fig. S2 ) and thin films (Fig. 1c) were investigated ( Table 1) . As revealed in Fig. S2 , in chloroform solutions, these three NFAs all exhibit strong and broad absorption in the region of 600-800 nm and the maximum absorption peaks of OBTT-0F, OBTT-2F and OBTT-4F are 746, 761 and 763 nm, respectively. For the film (Fig. 1c) , the absorption peaks of the NFAs with fluorine on the end units broaden with considerable redshift, due to the enhanced crystallinity and intermolecular π-π stacking. It is worthwhile to note that there are strong shoulder peaks of the three NFAs, implying effective intermolecular π-π To evaluate the potential photovoltaic performance of OBTT-0F, OBTT-2F and OBTT-4F as electron acceptors, solution-processed OSCs were fabricated with the conventional structure of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiopene):poly(styrenesulfonate) (PEDOT: PSS)/PBDB-T:acceptors/perylene diimide functionalized with amino N-oxide (PDINO)/Al, where PDINO was selected as electron transport layer due to its suitable energy levels and electron extraction ability [49] . After systematic device optimizations (Tables S1-S3), chloroform was used as the solvent and 1,8-diiodooctane (DIO) was selected as solvent additive to tune the active layer morphology. The optimal amount of DIO is 0.5%, 0.3% and 0.3% volume, respectively, for the OBTT-0F, OBTT-2F and OBTT-4F based OSCs. The total concentration of donor and acceptor was 11 mg mL −1 with donor:acceptor weight ratio of 1:1.2. The optimized device parameters are summarized in Table 2 The external quantum efficiency (EQE) was measured to verify the higher J sc for OBTT-2F and OBTT-4F based devices. As shown in Fig. 2b , the integrated J sc of OBTT-0F, OBTT-2F and OBTT-4F based OSCs are in reasonable agreement with the measured J sc (Table 2) . After fluorination-modulating the end units, as EQE is notably enhanced, OBTT-2F and OBTT-4F based OSCs obtain higher J sc than OBTT-0F based devices, which could be ascribed to their significantly redshifted absorption.
To investigate the effect of fluorination on electronic properties of these three NFAs, the electron and hole mobility of PBDB-T:OBTT-0F, PBDB-T:OBTT-2F and PBDB-T:OBTT-4F blend films were measured by the space-charge-limited current (SCLC) method using the electron-only and hole-only devices, respectively (Fig. S4) . The calculated electron and hole mobility parameters for the corresponding blend films are 0.91×10 the current densities under light and in the dark, while V eff is defined as V eff = V 0 − V app , where V 0 is the voltage when J ph = 0 and V app is the applied external voltage. As depicted in Fig. 2c , when V eff exceeded 1.5 V, J ph of the three OSCs reached saturation (J sat ), indicating that the charge recombination is minimized at high voltages due to the high internal electric field in the devices. To further compare the charge dissociation and charge collection probability (P (E, T)) in the three devices, where E and T represent field and temperature respectively, the value of (J ph /J sat ) was adopted. Under the short-circuit conditions, compared with 92% for the OBTT-0F based devices, the J ph /J sat ratios were 96% and 95% for the OBTT-2F and OBTT-4F-based devices, suggesting introducing fluorine to the end units could lead to high exciton dissociation and charge collection efficiencies and thus the high FFs. Furthermore, we investigated the charge recombination property in the OBTT-0F, OBTT-2F, and OBTT-4F based OSCs by measuring the relationship between the J sc and the light intensity (P). The relationship between J sc and P can be described with the formula of J sc ∝P α , where power law exponent α implies the extent of bimolecular recombination. Weak bimolecular recombination in the device would result in a linear dependence of J sc on light intensity with an α of ∼1. As shown in Fig. 2d, , indicating that it is highly amorphous in the pure film. After introducing fluorine to the end units, OBTT-2F and OBTT-4F pure films exhibit strong π-π stacking (010) diffraction peaks at 1.80 and 1.81 Å −1 , respectively. These results reflect that fluorination-modulated end units enhance the π-π stacking of A-D-A structured NFAs. As for PBDB-T:NFAs blend films ( Fig. 3d-f ), the PBDB-T:OBTT-0F blend film shows strong (010) diffraction peaks in q z direction of the polymer donor but weak peak of the OBTT-0F [50] . However, in the OBTT-2F and OBTT-4F based blend films, they show dominant face-on orientations with intense (010) diffraction peaks at 1.73 and 1.74 Å −1 , respectively, with the crystal coherence length (CCL) of 62.8 and 37.7 Å −1 by Gaussian fitting. The GIWAXS result reveals that fluorination-modulated end units can enhance π-π stacking and crystallinity of the NF-SMAs, which is beneficial to high charge mobility and FF.
To further investigate the phase separation morphologies of the three photoactive layers, atomic force microscopy (AFM) and transmission electron microscopy (TEM) were carried out. As shown in Fig. 4a, d , g, the PBDB-T:OBTT-0F based active layer shows smooth morphology with small root-mean-square (RMS) roughness (0.83 nm, Fig. 4a) . No large phase separation was observed from its TEM image. The PBDB-T:OBTT-2F and PBDB-T:OBTT-4F films gave larger R q values of 1.76 and 2.82 nm (Fig. 4b, c) , indicating more ordered nanoscale morphology in the blend films. Meanwhile, the AFM phase and TEM images of the PBDB-T:OBTT-2F (Fig. 4e, h ) and PBDB-T:OBTT-4F (Fig. 4f, i) have broad absorption in near-infrared region and show low bandgaps of 1.45, 1.38, and 1.31 eV, respectively. Through introduction of fluorine on the end units, the absorption edge of the NFAs can significantly redshift with the π-π stacking and crystallinity of the molecule notably enhanced, although it also simultaneously causes some downshift of energy levels of NFAs. Therefore, fluorination on the end units results in lower V oc but significantly higher J sc and FF of the corresponding devices. Overall, the two contrary factors endow the OBTT-2F based OSCs with a high PCE of 12.36% notably better than the OSCs based on OBTT-0F and OBTT-4F. Our work indicates that delicate and fine tuning of molecular structure could realize high performance of OPV. 
